The nodulin-23 gene of soybean is one of the most abundantly transcribed genes induced during symbiosis with Rhizobium. Using a plasmid (pNod25) from a nodule cDNA library, we have isolated the nodulin-23 gene from a soybean genomic library. Nucleotide sequence analysis of the cDNA and of the genomic clone indicated that the coding region of this gene is 669 bp long and is interrupted by a single intron of about 530 bp. The deduced protein sequence suggests that nodulin-23 may have a signal sequence. The 5'-flanking sequence of two other nodulin genes, nodulin-24 encoding for a membrane polypeptide and one of the leghemoglobin genes (LbC ), were obtained. Comparison of these sequences revealed three conserved ?egions, one of which, an octanucleotide (GTTTCCCT), has 100% homology. The conserved sequences are arranged in a unique fashion and have a spatial organization with respect to order and position, which may suggest a potential regulatory role in controlling the expression of nodulin and leghemoglobin genes during symbiosis.
INTRODUCTION
A number of molecular events occur in the successful infection of leguminous plants by Rhizobium species leading to the formation of root nodules. Dinitrogen is reduced inside these specialized structures provided that the essential plant and bacterial genes are expressed in a coordinated manner (see reviews, refs. 1-3). While information on the Rhizobium genes is rapidly accumulating, the contribution of the host to this symbiosis is not well understood. At present, only two nodule-specific plant gene products have been characterized. These are leghemoglobin (4, 5) and nodulin-35 (6), a subunit of the nodule-specific uricase (7) .
A number of other nodule-specific host proteins (nodulins) have been identified (8, 9) and the mRNAs coding for these nodulins have been cloned from soybean (10) . One of these cDNAs, pNod-25, is a member of the NodA class which represents the second most abundantly transcribed sequences in nodules. In vitro translation of hybrid-selected m1NA using pNod-25 produced two polypeptides of molecular weight 23 ,500 and 24,500 (10, 11) . These products are termed nodulin-23.
Nodulin-23 is induced early in infection at approximately the same time as leghemoglobin and nodulin-24 (10, 11) . This induction occurs prior to and is independent of the appearance of nitrogenase activity in nodules (11) . These two nodulin genes are not linked to any of the leghemoglobin gene loci (12) but are induced at the same time in response to an apparent coamnon stimulus, the Rhizobium infection. Therefore, it is likely that they share some common regulatory regions as has been observed in other sets of coordinately induced genes (13) .
Isolation of the genomic sequence encoding nodulin-23 and the comparison of 5'-flanking sequences of this gene with nodulin-24 and leghemoglobin C3 gene revealed three regions of sequence homology with some unusual, conserved features. A low probability of random occurrence of these sequences may suggest their possible role in regulation of expression of these genes during symrbiosis.
MATERIAL AND METHODS

Isolation of the nodulin-23 gene from a soybean genomic library
Approximately 500,000 recombinant bacteriophages were screened using pNod25, a cDNA clone, as probe according to the method of Woo (14) from an AluI/HaeIII partial genomic library of soybean constructed in Charon 4 (15) . Two genomic clones were isolated and mapped with the restriction enzymes EcoRI and HindIII. The map of these two phages were found to be identical except for a difference in one fragment. One of the genomic clones GmN7 was chosen for further study. HindIII/EcoRI and EcoRI fragments hybridizing to pNod25 were subcloned into pBR322. DNA sequencing Nodulin-23 gene with its 5'-end and the 5'-ends of nodulin-24 (16) and leghemoglobin C3 (5) genes were sequenced. Appropriate DNA fragments were digested with various restriction enzymes and cloned in M13 vectors, mp8 or mp9. The clones were propagated in the host JM101 and single-stranded DNA was purified from phage according to the protocol by Amersham Inc. DNA was sequenced primarily using the dideoxy chain termination method (17) . Saoe fragments were sequenced by the method of Maxam and Gilbert (18) .
Caoputer analysis
Sequences were assembled using a computer program by Intelligenetics Inc.
(Palo Alto, CA). (10) . Two fragments corresponding to this sequence were isolated from a genomic library of soybean. The general organization of one of the recombinant phage (GmN7) is shown in Figure 1 . This clone contains single HindIII and EcoRI hybridizing fragments, the sizes of which are consistent with the results obtained with genamic blots (ref 10 and data not shown). The complete nucleotide sequence of the nodulin-23 gene was determined, using the M13 sequencing strategy shown in Figure 1 . The position of the exon was determined by partial sequencing of pNod-25 and from the results of ExoVII and Sl mapping experiments (19) . The nucleotide sequence is presented in Figure 2 . Figure 2 ). The coding region of this gene starting 80 bp from the major transcription initiation site (19) was chosen as being the only long open reading frame which corresponds to the cDNA sequence (data not shown). In order to assess whether the reading frame resembles that of a real gene or whether it is simply a random open reading frame, we determined the codon usage of nodulin-23. The C-statistic was calculated as being the observed codon usage divided by the expected codon usage of a random sequence. We obtained a value of C = 2.095 which indicates a significant codon bias. Therefore, the reading frame we propose has features of protein coding genes (reviewed in ref. 21) . We also calculated the C-statistic for a number of other soybean genes including nodulin-24, nodulin-35, leghemoglobins a, Cl, C3, actin and lectin. These results indicate that the degree of codon bias in nodulin-23 is consistent with that of other soybean genes. Structural analysis of the nodulin-23 protein A putative protein sequence (figure 2), deduced from the DNA sequence is 223 amino acids long and suggests the molecular weight of nodulin-23 to be 24,275. This size is in agreement with one of the hybrid-released translation products using the cDNA clone, pNod-25 (11) . Hydropathic analysis (Figure 3 
Consensus tains one strongly hydrophilic region near the center of the molecule. The amino terminus of the peptide has features of a signal peptide (22) . It contains three charged residues within the first five followed by 15 consecutive hydrophobic residues and is terminated with a polar glutamine residue. A potential cleavage site could occur at the glycine or serine residues, located five and eight amino acids downstream of the glutamine residue (22) . It is not known where nodulin-23 is transported in the nodule cell, but localization studies are in progress to determine its intracellular site. Table 1 . The probability calculation takes into account the length of the consensus sequence, the number of matches each sequence has to this consensus and the location relative to the start of the gene where these sequences are found. The most conserved sequence found (consensus 'A') is an octanucleotide 'GTTTCCCT'. This sequence is inverted in the nodulin-23 gene. Occurrence of this sequence by chance is unlikely since even a 22 nucleotide consensus sequence derived from this region shows between 73% to 95% homology for the three genes. The chance occurrence of a sequence 22 bases long with this homology in the location found was calculated as being less than 9.5x10-7 (based on the calculations in ref.
23).
A second area of homology, containing the core 'GGTAGTG' (consensus 'B'), wvas found to have a probability of occurrence at less than 9x10-5. This sequence was also inverted in the nodulin-23 gene. A third area of homology, with the core 'TCTGGGAAA' (consensus 'C'), was found but its occurrence by chance could not be ruled out when the three sequences were compared. However, its occurrence between the Lbc3 and nodulin-23 does not appear to be by chance. This sequence is also present in another leghemoglobin, LbC2 gene (data not shown). Like the other two consensus sequences, this one is also inverted in nodulin-23. The location and orientation of these three consensus sequences is shown in Figure 4b . Consensus 'C' shows a diad symmetry to the consensus 'A'. The probability that these three elements together would be located by chance in that position in the LbC3 and nodulin-23 genes is unlikely (P is less than 4x10-11).
DISCUSSION
Early studies in our laboratory have revealed several interesting features of the nodulin-23 gene: it is transcribed at a high level (10) , and hence, may have an important role in symbiotic nitrogen fixation; its transcription occurs early in infection prior to nitrogen fixation along with leghemoglobin and a few other nodulins which may indicate a coordinate regulation of expression and this gene has homology with nodulin-44, another abundantly transcribed sequence in soybean nodules (11) . We determined the primary structure of the soybean nodulin-23 gene. The hybrid-released translation of pNod25 (10, 11) showed two products (23,500 and 24,500 MW), one of which is represented by this gene. The other product could be either due to processing or it is coded by another gene.
We have isolated a recombinant phage carrying a nodulin-23 sequence with an almost identical organization to that of Gmn7 (unpublished data).
Promoter analysis (in vitro) of nodulin-23 gene revealed transcripts starting from two sites 23 bp apart (19) . One of these is an animal-like promoter sequence whereas the other is plant-like (24) . In vitro transcription studies also revealed an 'anti-nodulin' promoter in this gene. This initiates transcription in the direction opposite to that of the sense-strand. Comparison of the 5'-flanking sequence of nodulin-23 with that of two other physically unlinked genes induced at the same time revealed features which may be involved in the independent regulation of these genes. The consensus regions 'A' and 'C' (as shown in Table 1 and illustrated in Figure 4b ) are always inverted and complementary to each other and arranged so as to flank region 'B'. The orientation of the three consensus sequences in LbC3 is the same as in nodulin-24. However, the orientation of all three sequences are found to be inverted in nodulin-23 with respect to those from the other two genes. Notwithstanding orientation, nodulin-23 and LbC3 have a similar spatial organization of consensus sequences, both with respect to order and position (see Figure 4b) . The probability of this occurring by chance is indeed very low (4xl0-ll). Computer search of four soybean genes including a non-induced gene with its 5' region failed to reveal the presence of these sequences in any location.
Transcriptional regulation of coordinately induced genes via cis-regulatory control was first elucidated by Britten and Davidson (27) . Since then a number of coordinately-regulated genes have been shown to share short repeated elements in the 5'-flanking regions. Functional assays of four genes involved in amino acid synthesis in yeast (28) and one of the Drosophila heat shock genes, hsp70 (29) , showed that the conserved 5' elenent is sufficient to endow the adjacent gene with the ability to respond to inductive control. In the case of heat shock protein, hsp82, a region of diad symetry has been demonstrated to bind specifically to an activiting protein factor (30) . A number of other examples support the hypothesis that short, 5'-conserved sequences are involved in coordinate regulation. These include the silkmoth middle and late chorion genes (31) , the human glucocorticoid-repressed proopiomelanocortin gene, the glucocorticoid-induced mouse mannary tumor virus and the rat growth hormone (32) (33) (34) . Three steroid-induced egg white proteins in chicken (35) , the three chains of fibrinogen (36) , the immunoglobulin genes (37) and the B-globin genes (38) , all contain conserved, putative regulatory sequences located 5' to the coding region. Furthermore, the microsymbiont (Rhizobium) of root-nodule has been shown to share coirmon promoter sequences in some of the symbiotic genes (39) . This may also reflect in some genes of the macrosymbiont (host plant). The functional analysis of these consensus sequences in nodulin genes must await successful transfer, regeneration, seggregation and induction of these genes in the second generation of plant following the association with a suitable microsymbiont.
